We describe a point-of-use (POU) ultraviolet (UV) disinfection technology, the UV Tube, which can be made with locally available resources around the world for under $50 US. Laboratory and field studies were conducted to characterize the UV Tube's performance when treating a flowrate of 
INTRODUCTION
Waterborne illnesses associated with contaminated water sources, inadequate sanitation, and poor hygiene are a leading cause of morbidity and mortality in the developing world, resulting in more than 1.7 million deaths annually (Ezzati et al. 2002; Pruss et al. 2002; WHO 2002) . The burden of disease falls disproportionately on children, contributing significantly to high mortality rates for children under five years old, exacerbating malnutrition (Corteguera 1993) , and stunting growth (Checkley et al. 2004) .
Waterborne illnesses are largely preventable through adequate hygiene, sanitation and safe drinking water; thus, one of the Millennium Development Goals (MDG) is to reduce the population without access to safe water and sanitation by 50% by the year 2015. Despite enormous progress over the past five years, 1.1 billion people still lack access to safe drinking water and an accelerated effort is required if the MDG is to be met (WHO & UNICEF 2006) . In many regions, providing consistent, centralized water treatdoi: 10.2166/wh.2007.015 ment and safe distribution is prohibitively expensive or will take years to implement. One option that may overcome many of these problems is treating drinking water in the household at the point of use (POU) (Mintz et al. 2001; Sobsey 2002) .
A variety of low-cost household POU water treatment methods have been shown to reduce the incidence of diarrheal illness in field studies in developing countries, including chlorination, flocculation plus chlorination, solar disinfection (SODIS), filtration with commercial ceramic filters, and boiling or heating to 708C; several authors have reviewed these options (Sobsey 2002; Lantagne et al. 2006) . In addition to provision of safe water, safe storage of water in the home, hygiene, and sanitation are also important interventions for reducing diarrheal illness (Wright et al. 2004; Fewtrell et al. 2005) .
Factors that should be considered in choosing an appropriate POU option for water disinfection include effectiveness at eliminating potential pathogens, cost (initial, operation, and maintenance), availability of materials and parts, scale of treatment, mode of treatment (continuous vs. batch), and user preferences regarding time and effort required for operation and water odor and taste. Each of the POU water treatment methods mentioned above has distinct advantages and disadvantages. For example, chlorine is inexpensive but adds an undesirable taste to the water and is not effective against protozoan cysts. Boiling is effective at eliminating almost all microorganisms but is energy intensive and may contribute to deforestation if wood fuel is used. SODIS is very inexpensive but is dependent on adequate sunlight and has a long wait time.
The varied nature of drinking water problems, availability of resources, and user preferences necessitate diverse and complementary treatment techniques (Mintz et al. 2001) .
Therefore, there is a need to continue to develop technologies to add to the POU water treatment toolbox.
Ultraviolet (UV) light is increasingly being applied instead of chlorination for the disinfection of both drinking water and wastewater in centralized treatment plants, because it is effective at inactivating protozoan cysts and does not produce disinfection byproducts (Masschelein 2002) . Commercial UV disinfection units are currently available for household POU water treatment, but their cost is typically high (several hundred $US), and specialized replacement parts are expensive and may not be readily available in many parts of the world.
If UV disinfection was affordable and available, however, it may have advantages for some households, including rapid and continuous treatment of water as it flows from the water source (e.g. household tap), little user effort required to produce relatively large volumes of treated water, no change in the taste of the water, and much lower energy requirements than boiling. A clear disadvantage for some households is the requirement for electricity; in addition, the lack of a residual disinfectant will not protect against recontamination after treatment.
In this paper we describe a point-of-use UV disinfection technology, the UV Tube, which can be made with locally available resources around the world for under $50 US. The 
METHODS
The general design of the UV Tube and a protocol for its use are described below. Three types of tests (germicidal effectiveness, hydrodynamics, and materials degradation) were conducted in the laboratory to assess its performance. A simple irradiance model was also developed to provide rough estimates of the impact of flow rate and water absorbance on the germicidal effectiveness of the UV Tube.
Following validation in the laboratory, a preliminary, shortterm evaluation of field performance was conducted on UV Tubes installed in households in Baja California Sur, Mexico.
Description of UV tube
UV Tubes were constructed from a 65-cm long, 4-in diameter tube sealed with 4-in diameter Polyvinyl Chloride (PVC) end caps (Figure 1) . A range of materials was evaluated, as described in Materials Degradation Testing section below. Based on these results, two different designs were used for the remaining research. In one design, the tube consisted of a PVC pipe lined three quarters of the way around with rolled, 26 -28 gage, food-grade stainless steel sheet, with the remainder of the tube lined with aluminum foil to protect the PVC from UV exposure. To prevent water from flowing between the stainless steel liner and the PVC pipe, the edges were sealed with a silicone-based sealant; a hole was drilled in the bottom of the PVC pipe to serve as a leak detector. In the other design, the tube was formed by rolling 26 gauge, food-grade stainless steel sheet into a tube, which was secured at both ends with stainless steel hose clamps; the seam was located at the top of the tube. A General Electric germicidal G15T8 lamp was suspended from the top of the tube with lamp holders on the inside of the pipe. A small window was drilled at the top of the tube and covered with acrylic to enable the user to verify that the lamp is on before treating water. The ballast was mounted in a separate section of 3-in diameter PVC pipe with endcaps to protect it from moisture. Water entered through a 0.5-in copper elbow inlet inserted in the top of the tube, 7 cm from one end and exited through a 1-in PVC elbow outlet inserted in the center of the far end cap, which regulated the water height. Then, three 50-ml "outlet" samples were collected from the outlet at intervals of 1.5 residence times (about 45 s).
Germicidal effectiveness testing
Immediately after collecting the third sample, the UV bulb was turned off and the UV Tube was allowed to flush for five unit void volumes. Then, two 50-ml "inlet" samples were collected at intervals of 1.5 residence times from the outlet of the UV Tube (with the UV lamp off). The flowrate and operating volume were recorded. After the UV Tube was drained, another 50-ml "inlet" sample was taken from the tubing entering the inlet of the UV Tube.
On the same day as each bioassay, the fluence (dose) response for MS2 bacteriophage was measured. Triplicate 
Materials degradation testing
A range of materials was evaluated for constructing UV Tubes to determine if inorganic or organic compounds could be leached or produced in the water due to reactions with UV light under a range of operating conditions. Longterm exposure tests (.7 d) were conducted with acrylonitrile butadiene styrene (ABS) pipe, PVC pipe, PVC lined with galvanized steel, and PVC lined with stainless steel.
During these tests the UV Tube contained stagnant water and the UV lamp was on; after the exposure period, water flow was turned on and the first outlet water was collected.
Additional tests were conducted on the stainless-steel lined UV Tube using PVC pipe purchased in the U.S. (same as material used above) as well as PVC purchased in Mexico. The following equation was used to calculate irradiance (modified from Blatchley 1997):
where: 
RESULTS AND DISCUSSION

Germicidal effectiveness
The bioassay data are summarized in Table 1 At 5 L/min, the mean fluence provided by the UV Tube was more than twice the NSF requirement. Based on the values given above, this fluence is expected to be sufficient to achieve several log inactivation of protozoan cysts and viruses. It should be kept in mind, however, that the absorbance of the water used for these bioassays was low (0.002 to 0.01 cm 21 ), and a higher absorbance will significantly decrease the delivered UV dose.
Flow characterization
The results of the three tracer studies are summarized in Table 2 .
The flow rate was maintained at a constant value throughout each test, but varied between 4.96 and 5.22 L/min from test to test. The higher flow rates resulted in slightly higher liquid volumes in the UV Tube due to the higher water level over the outlet weir (pipe). The average theoretical HRT (u), based on the measured volumes and flow rates, was calculated to be 35.8 s.
The average experimental HRT (t bar ), based on analysis of the tracer curves, was found to be 35.4 s (Levenspiel 1999) .
The experimentally measured HRT was within 4% of the theoretical HRT in all three tracer tests. In one of the 
Materials degradation
Material degradation due to sunlight and/or UVA and UVB radiation is often studied, but little is known about the effect of 254-nm UVC radiation on the materials we investigated.
The results from our tests are summarized in Table 3 UV Tubes made with PVC purchased in the U.S. and
Mexico and lined with stainless steel produced similar results; thus, the data have been combined in Table 3 . Lining the PVC UV Tube with stainless steel eliminated production of chlorinated organics and VOCs with the exception of bromomethane and butanone, which are unregulated (bromomethane was proposed and then removed from the US EPA's Contaminant Candidate List in 1998). Furthermore, these compounds were not detectable when the UV exposure time was 1 h or less. Interestingly, chloroform was the only detectable compound (at levels just above the detection limit)
during the short-duration tests, and was also present at a similar concentration in the inlet sample that was tested. Thus, the likely source of chloroform was the tap water, These model results are roughly consistent with additional bioassay results which have been conducted in our lab using water with higher absorption coefficients (data not shown).
One option for treating water with higher absorbance is to decrease the flow rate. Additional research is needed, however, to validate performance at other flowrates, because tracer experiments have indicated that the mixing regime at the UV Tube inlet changes significantly (data not shown).
Field performance
Ninety-four paired samples were collected of water entering and exiting UV Tubes during household use in Baja California, Sur. In 24 samples, no E. coli was detected in either the inlet or outlet samples; in the other 70 samples, the inlet concentration ranged from 1 to 243 with a geometric mean value of 15 CFU/100 ml. In 65 outlet samples, no E. coli was detected, and the counts in the remaining five samples were 1, 1, 1, 8, and 31 CFU/100 ml.
The use of the UV Tube resulted in 20 out of the 24 families having access to water that conformed to the WHO guidelines (, 1 E. coli/100 ml), whereas only one family would have had access to such water without the UV Tube. Thus, the UV Tube effectively lowered the level of bacterial contamination during actual use in the field. However, the presence of E. coli in the effluent of five samples suggests that additional research is needed to characterize and improve the performance of the UV Tube under field conditions. In addition, out of 83 samples collected from UV-treated water which had been stored in the home, 17 contained E. coli. Thus, there was evidence of recontamination or regrowth of E. coli during storage, probably due to the use of storage containers without effective seals and the use of a common cup for extracting water. These data illustrate that the lack of residual disinfectant in storage containers is a potential disadvantage of UV treatment compared to chlorination. However, safe storage in containers which do not allow contact with the treated water (e.g., spigot or hand pump) may be able to prevent recontamination. The laboratory and field studies reported here suggest that the UV Tube is a promising technology for treating household drinking water at the point of use. Because the UV Tube can be constructed using locally available resources, we believe it is a lower-cost (,$50 US) and a more sustainable option for POU UV treatment compared to commercially available UV disinfection units. Ultimately, by expanding the range of technologies available for POU water disinfection, we hope that the UV Tube will contribute to long-term, sustainable global efforts which empower more households to gain access to safe water.
CONCLUSIONS
